We have previously reported that pur a a, known to be a regulator of DNA replication and transcription, links neural BC1 RNA to microtubules via dendrite-targeting RNA motifs. Here we demonstrate the subcellular localization of pur proteins within the brain. Pur proteins were detected in neurons but not in glia. Immunohistochemical staining was prominent in perikarya and proximal dendrites and also extended into primary dendritic processes, but no significant signals were detected in the distal regions of dendrite. When homogenates of mouse brain were fractionated, pur a a was most concentrated in the microsomal pellet. Consistently, pur a a co-fractionated with free polysomes as well as with membrane-bound polysomes and the association with polysomes was mediated by binding ribosomal subunits. Levels of ribosomes with pur a a progressively increased during postnatal development of the brain.
which are implicated in the control of DNA replication and transcription, [3] [4] [5] [6] [7] [8] link neural BC1 RNA to microtubules (MTs).
9) The pur-binding site is within the 5Ј-proximal region of BC1 RNA which contains putative dendrite-targeting RNA motifs, 9, 10) suggesting that in the cytoplasm of neurons these nuclear proteins are involved in the process of BC1 RNA transport along dendritic MTs. The expression of pur proteins is developmentally regulated, 8) and mimics the time course of BC1 RNA expression in the postnatal brain.
11)
Moreover, we recently observed that pur proteins were required for BC1 RNA expression in vitro as a transcriptional activator. 12) Therefore, it is suggested that these proteins have dual roles in the neuronal nucleus and cytoplasm in the establishment and the maintenance of uneven distribution of BC1 RNA within developing neurons as well as within mature, polarized neurons in the adult brain. Nevertheless, it seems unlikely that BC1 RNA is the sole target of these proteins, as the nucleotide sequences bound by pur proteins, which contain GGN repeats, 1, 2) are relatively simple and have been found in several RNAs. 2, 9, 10, 13, 14) These observations suggest that pur proteins may also link other dendritic RNAs including rRNA to MTs. Therefore, it is necessary to define the target RNA that is specifically bound by these proteins in vivo, particularly in neuronal cytoplasm, and to analyze the subcellular localization of the pur proteins.
MATERIALS AND METHODS
Preparation of Antibodies Pur a-specific multiple antigenic peptide (MAP) (amino acids 291-313) 13) was synthesized according to the method of Tam. 15) Peptide-specific polyclonal antibodies were produced in rabbits and purified using peptide-coupled aminoalkyl agarose. An antibody against full-length pur a was also raised in rabbits using a glutathione-S-transferase (GST)-pur a fusion protein as an immunogen, and affinity-purified with histidine-tagged pur a protein-coupled aminoalkyl agarose (Bio-Rad). An antibody against full-length Translin protein was produced in rabbits using a GST-Translin fusion protein, and affinity-purified before use. Anti Bip protein was purchased from Affinity Bioreagents, Inc.
Immunohistochemistry Dissected whole animal brains fixed with 20% formalin were embedded in paraffin. Then, multiple 6 mm-thick deparaffinized sections were pretreated with 3% hydrogen peroxide for blocking endogenous peroxidase activity and with normal goat IgG for blocking non-specific binding of the primary antibody, and then incubated overnight at 4°C with the antibody against full-length pur a (diluted 1 : 100). Immunoreaction products were visualized with the avidin-biotin immunoperoxidase complex (ABC) method using the ABC kit (Vector Laboratories) and 3,3Ј-diaminobenzidine tetrahydrochloride as the chromogen. 16) Immunostained sections were counterstained with methyl green. The specificity of the antibody was confirmed by preincubation of the antibody with 1.9 mg GST-pur a fusion protein/ml at 4°C overnight. Subcellular Fractionation Subcellular fractionation was conducted essentially according to the method of Feng et al. 17) and all subsequent procedures were performed at 4°C, unless otherwise stated. Mouse brains were homogenized in a buffer [0.25 M sucrose, 50 mM Tris-HCl, pH 7.4, 5 mM MgCl 2 , 25 mM KCl, 1 mM phenyl methyl sulfonyl fluoride (PMSF)] and centrifuged at 1000 g for 10 min, giving a pellet (crude nuclei). The supernatant was centrifuged again at 10000 g for 30 min, giving a mitochondria pellet (Mt) and post-mitochondria supernatant (PMS). The PMS was centrifuged at 100000 g for 1 h, giving a pellet (P100) and the soluble cytoplasm (S100) fraction. The crude nuclei were resuspended in 1.6 M sucrose and centrifuged through 2.1 M sucrose at 150000 g for 1 h, giving purified nuclei (Nu). For more detailed fractionation, the PMS was layered over 1.3 M sucrose and centrifuged at 225000 g for 1 h. 17) After centrifugation, the top layer, 0.25/1.35 M interface, 1.6/2 M interface and pellet fractions were collected, containing soluble cytoplasmic protein, sER, rER and free polysomes, respectively. Proteins of each fraction were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Western blot analysis using the required pur peptide-specific antibodies.
Polysome Analysis Mouse brains were homogenized as described above in the presence of 100 mg cycloheximide/ml and centrifuged at 10000 g for 30 min to obtain PMS. After treatment with 0.5% Nonidet P-40 (NP40) in the presence or absence of 25 mM ethylene diamine-N,N,N Ј, NЈ-tetra acetic acid (EDTA) for 30 min, the PMS was centrifuged on a linear sucrose gradient (8.5-45% made with 20 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 50 mM KCl) for 2 h at 160000 g. After centrifugation, the gradient was divided into fractions, followed by Western blot analysis. To determine the banding pattern of polysomes, RNA was purified from each fraction and analyzed by agarose gel electrophoresis.
Analysis of Ribosome Subunits on a Sucrose Gradient Mouse brain PMS, treated with 0.5% NP40, was centrifuged over 5 ml of 30% sucrose (in 20 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 50 mM KCl) at 160000 g for 2.5 h. The resulting polysome pellet was resuspended in the homogenization buffer and centrifuged at 15000 rpm for 10 min to remove insoluble material. This supernatant was treated with 25 mM EDTA to dissociate ribosome subunits, and then centrifuged on a 8.5 to 45% sucrose gradient (in 20 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 50 mM KCl and 25 mM EDTA) at 160000 g for 9.5 h.
RESULTS AND DISCUSSION
We have suggested that pur proteins are involved in the process of BC1 RNA transport along dendritic microtubules (MTs).
9) However, we have not yet defined the localization of these proteins within the brain. Thus, here we have investigated whether pur proteins are actually present in the neuronal somatodendritic compartment using an antibody against full-length pur a (Fig. 1a, inset ). In accordance with our previous observations, pur proteins were detected in neurons, but not in glia throughout the rat brain sections processed for immunohistochemistry. Figure 1a shows the cerebellar region of rat brain. Staining was very dense in perikarya and proximal dendrites of Purkinje cells, and also extended from the cell body into primary dendritic processes (Fig. 1b) . Lower levels of staining were also detected in granule cells and other neuronal cells (Figs. 1a, b) . Pur staining was lost by pre-incubation of the antibody with GST-pur a (Fig. 1c) or histidine-tagged pur proteins (data not shown), while the signal was not absorbed with GST protein alone (data not shown), indicating that the staining is specific. Thus, pur proteins were detected in the neuronal dendrites. However, unlike Translin, which distributes throughout the dendritic arbors, 18, 19) no significant staining was observed in the distal regions of dendrite. The difference in the extent of dendritic distribution of pur a and Translin proteins suggests that there are some different transport mechanisms in neurons. Mayford et al. 20) reported that CaMKII a mRNA was found in the most distal regions of dendrite and its subcellular distribution differs from that of MAP2 mRNA which is found only in the proximal region of dendrite. Pur a proteins may play a role in the process of RNA transport to the proximal portion of dendrite.
Next we analyzed the subcellular distribution of pur a proteins. Mouse brain homogenate was initially fractionated by sequential velocity centrifugation, resulting in fractions designated as nuclei (Nu), mitochondria (Mt), microsomal pellet (P100) and soluble cytoplasm (S100). The same amount of total protein from each fraction was examined for the presence of pur proteins by Western blot analysis. Fig. 2a shows that pur a was most concentrated in P100 together with Bip protein, a marker protein for rER, 21) while Translin protein 22) was almost exclusively detected in the soluble cytoplasmic fraction (also see ref. 23 ). The percentage of total pur a in the P100 fraction was also calculated by densitometric quantification of the Western blot: Level of pur a in P100 was 14%. Despite this relatively low level, the higher concentra- tion of pur a in this fraction is important, as the P100 fraction reportedly contains mainly rER and free polysomes. Thus, since pur a proteins bind RNA, these proteins may be involved in the control of protein synthesis in neuronal cells. To determine whether the pur protein co-fractionates with RNA-containing structures, PMS was centrifuged through a discontinuous sucrose gradient. Pur a was mainly concentrated in the pellet together with the ribosomes (data not shown; but see Fig. 2b ), which suggests that pur a associates with the polysomes via rRNA and/or mRNA. In support of this, RNase A treatment of PMS before centrifugation decreased pur protein recovery from the pellet, with a concomitant increase in the recovery from the soluble cytoplasm layer of the gradient (0.25 M sucrose layer; data not shown but see Fig. 3d ). A more detailed fractionation experiment was also performed, and revealed that pur a co-fractionated with rER (1.6/2.0 M sucrose interface) as well as with free polysomes (pellet) (Fig. 2b) . It is notable that rRNA was found in both rER and pellet, but Bip protein appeared confined to the 1.6/2.0 M interface, indicating that the 1.6/2.0 M interface and the pellet correspond to the rER and the free polysome, respectively.
In order to obtain direct evidence of the association of pur proteins with polysomes, we analyzed pur protein cosedimentation with polysomes on a sucrose gradient. Figure 3a shows that pur a was detected throughout the gradient, whose banding profile was almost identical with that of ribosomes and polysomes (Fig. 3e) . When PMS was treated with EDTA before centrifugation, pur a shifted completely to the lower sucrose fractions (Fig. 3f) together with the dissociated ribosomal subunits (Fig. 3g) . Note that the distribution profile of pur a was similar to that of the 60S ribosomal subunit. RNase treatment of PMS also shifted all pur proteins to the top fractions (Fig. 3d) . This shift appeared to be due to the degradation of rRNA, as no intact rRNAs were recovered from the gradient after RNase treatment (data not shown). Taking the above results together, it is suggested that pur a proteins associated with the polysomes through binding the ribosomal subunits. As a control, we observed that Translin protein (Fig. 3b) , another class of RNA-binding protein which is reportedly interactive with BC1 RNA (23), and Bip protein (Fig. 3c ) did not associate with polysomes. In accordance with our previous observations, BC1 RNA was shown to co-sediment with the Translin protein by Northern blot analysis (data not shown, but see ref. 23 ), suggesting the association of pur a with polysomes is specific.
Next we investigated whether pur a interacts with ribosomal subunits. Purified brain polysomes from neonatal or adult mice were dissociated into subunits with EDTA and then centrifuged through a continuous sucrose gradient. It has been reported that polysomes are dissociated into ribosomal subunits and mRNA-protein complexes in the presence of EDTA. 24) As shown in Fig. 4 , pur a predominantly bound to the 60S subunit. Co-sedimentation of pur proteins with ribosomes is indicative, but does not provide proof for the stable interaction of pur a with ribosomes. So we examined next whether the binding capacity is resistant to KCl treatment. For this, we analyzed P100 fractions pretreated with varying doses of KCl. As shown in Fig. 5 , a significant amount of pur a remained associated with ribosomes even after treatment with 1 M KCl, demonstrating the tight association of pur a with ribosomes. However, this does not necessarily mean that the pur a is a ribosomal protein which is ubiquitously expressed in all tissues. In fact, very low levels of pur a are associated with ribosomes from the liver (Fig.  6 ). Therefore, it is possible that pur a may modulate the ribosome activities such as peptide bond formation to control protein synthesis in the somatodendritic compartment of neurons. Next we examined whether concentrations of pur a in the P100 fraction were developmentally regulated. Figure 7a shows that the concentration was very low in neonatal mice but it was elevated progressively to the adult level as development proceeded. These results appear to be caused by an increase in ribosomes bound by pur a proteins since similar developmetal expression was observed when the same amount of ribosomes were analyzed for each time point in a separate series of experiment (Fig. 7b) . Taken together, there is an interesting possibility that pur a may also be involved in the control of mRNA translation by binding ribosomes during postnatal development of the brain.
Recently, we observed that an association of the pur proteins with MTs was lost by RNase A treatment, suggesting that the pur proteins interacted with MTs in the form of RNP. These RNPs may be ribosomes, as an immunoprecipitation study showed that NaCl extracts of MTs also contained ribosomes which were associated with pur proteins (unpublished observations). These observations can be taken as an indication that the pur proteins may attach ribosomes or polysomes to MTs. In this respect, it is intriguing to examine whether pur proteins are present in granules containing poly(A) ϩ mRNAs, translational factors and ribosomes. 25) Another trans-acting protein involved in mRNA transport in neurons, mammalian Staufen, co-localizes with such fluorescent dye SYTO-positive granules and moves along dendritic MTs in hippocampal neurons. 21, 26, 27) Pur proteins have been known as the multifunctional nuclear proteins that play regulatory roles in both transcription and replication. [3] [4] [5] [6] [7] [8] Recently, we also observed that pur a was essential for BC1 RNA expression in vitro as a transcriptional activator. 12) Furthermore, the protein bound to nascent BC1 RNA to form an RNP in the transcription reaction mixture containing brain nuclear extracts, suggesting a possible role in RNA export from the nucleus. In this context, our present findings suggest that the pur proteins can play multiple roles in the different cell compartments, although it remains to be determined whether these proteins actually affect ribosome functions in neurons. Kelm et al. 28) recently reported that a pur a/pur b/MSY1 complex, which represses transcription of the a-actin gene, may impair translation of a-actin mRNA through specific protein-mRNA interactions. It has also been reported that several other nuclear proteins such as heterogeneous nuclear RNP complex protein (hn RNP) A2 29) or hn RNP K and hn RNP E1 30) enhance or silence protein synthesis, respectively. Therefore, there is an interesting possibility that pur a proteins may integrate diverse processes of gene expression from transcription to mRNA translation operated in the neuronal nucleus and cytoplasm.
